The cyanide-containing effluents are dangerous ecological hazards and must be treated before discharging into the environment. Anodic oxidation is one of the best ways to degrade cyanides. Pt anodes as the most efficient material for the cyanide electrochemical degradation are widely used. However, these electrodes are too expensive for industrial purposes. In this work Ti electrodes covered with nano-sized Pt particle layer were prepared and used for the anodic oxidation of cyanide ions. Surface images of Ti electrodes and Ti electrodes covered with different thickness layer of Pt were compared and characterized by the atomic force microscopy (AFM). The products formed in the solution during the CN -ions electrooxidation were examined by the Raman spectroscopy. An electrochemical Fast Fourier transformation (FFT) impedance spectroscopy was used to estimate the parameters that reflect real surface roughness of Pt-modified Ti electrodes.
INTRODUCTION
Cyanide may be found in a wide variety of organic and inorganic compounds as a carbon-nitrogen radical. In some forms it acts as a very powerful and fast toxin. Cyanide can enter surface water through releases from metal finishing industries, iron and steel mills, runoff from disposal of cyanide wastes in landfills, pesticides, and the use of cyanide containing road salts [1] . The cyanide-containing effluents are dangerous ecological hazards and must be treated before discharging into the environment. Therefore, based on toxicity tests, many regulatory agencies are imposing strict regulations with regard to a point -source cyanide emission limits [2] .
One of the most commonly applied methods for the destruction of cyanide involves oxidation of cyanide waste by air oxygen in large lagoons [3] . However, storage of such toxic substances, especially in big amounts, poses great risks to humans and the environment, and may trigger legal liability in case of accidental spill. Typical methods for the destruction of cyanides involve chemical and/or electrochemical oxidation. Chemical methods require special substances and sludge disposal. Effective alternatives to typical chemical oxidation treatments are the methods of electrochemical oxidation [4 -6] . These methods are advantageous because there is no need of additional chemicals. In addition, during the electrolysis, heavy metals present in cyanide electrolytes may be collected on a cathode, consequently, both the destruction of cyanides and the removal of heavy metals can be accomplished simultaneously [7, 8] .
Electrochemical methods of cyanide oxidation have been studied by many authors since 1970's [9 -16] . However, the challenge to find cheap and simple method for the high-yield cyanide oxidation still remains topical.
Thus, aiming at developing ecologically friendly and economically reasonable processes for decontamination of cyanide, we investigated Ti anode surfaces coated with layers of Pt nanoparticles, which, we believe, could be an attractive alternative to expensive Pt anodes. The objectives of present work are: (i) to analyze and compare Ti electrodes of varying thickness of Pt coatings using surface imaging by AFM; (ii) to determine the products formed in the solution during the CN -ion electrooxidation by Raman spectroscopy; (iii) to analyze the electrochemical impedance spectra of electrochemical oxidation of cyanide, and to determine parameters that characterize surface roughness of investigated electrodes.
EXPERIMENTAL DETAILS
All solutions were prepared using distilled water. Cyanide electrooxidation was carried out in 0.1 mol L -1 of KCN (puriss. p. a. "Fluka") solution. The surface area of the working electrodes (Ti, and different platinized Ti) was 2 cm 2 . Working electrode was mechanically polished, degreased and rinsed with distilled water before each experiment. Two stainless steel plates were used as counter electrodes. All experiments were performed at 20 ºC temperature.
Ti electrodes were covered by different amount of Pt, which is equivalent of a theoretical, 100 % yield, metal thickness equal to 200 nm, 500 nm and 1000 nm. These thicknesses are used throughout the paper as parameters to distinguish between different types of tested electrodes, however, real surface coverage was dependent on current yields, which typically varied from 40 % to 60 %, and morphology of electrodeposits. Electrodeposition was carried out in the electrolyte containing 3.764 g L -1 Pt (puriss p. a. "Alfa Aesar GmbH & Co", Germany) and 250 g L -1 HCl (puriss p. a., "Standard", Poland). The applied current density was 1.5 mA cm -2 and time of electrolysis was calculated according to thickness of Pt. Before electrochemical platinization Ti (99.2 % pure, "Alfa Aestar GmbH & Co", Germany) plate was polished with the diamond paste and then washed in the ultrasonic baths.
Veeco (USA) measuring system "Catalyst", in which the atomic force microscope is connected with the optical microscope "Olympus IX71", was used to analyze the changes in the surface roughness of the Pt covered Ti electrodes (varying in thickness), and the active surface area in each. The optical microscope was used as a tool to help choose and verify the correct reading position of the atomic microscope. Aiming to measure as accurately as possible the surface of the target electrode, experiments were performed using the contact setting. The images were collected and viewed using an atomic force microscope software "Gwyddion 2.10".
Raman Spectroscopy was used to monitor the change in CN -ion concentration in solution as the electrochemical oxidation occurred. Raman spectra were recorded by RamanFlex 400 (PerkinElmer, Inc.) spectrometer with a thermoelectrically cooled detector. Each spectrum was collected with integration time of 10 s and accumulation of 30 scans, yielding total acquisition time 300 s.
All electrochemical impedance spectra were recorded under the potentiostatic setting, using FFT impedance spectrometer EIS-128/16. The reference electrode was a saturated Ag/AgCl, KCl electrode, placed as close as possible to the working electrode by means of a Luggin capillary.
RESULTS AND DISCUSSION
Surface images of different platinum -coated Ti (0, 200, 500 and 1000 nm) electrodes were obtained using an atomic force microscope. The results were analyzed using the computer program "Gwyddion 2.10", with which surface roughness root mean square (RMS), the surface area, and the relative size of the particles were determined. Figure 1 shows surface images of polished Ti (a) and Pt covered Ti: 200 nm (b), 500 nm (c) and 1000 nm (d). The RMS of polished Ti electrode surface was found to be 308 nm RMS (Table 1) . Upon deposition of 200 nm Pt layer, spherical Pt crystal formation is observed (Figure 1  (b) ), while the measured electrode surface RMS increased to 369 nm. 500 nm Pt layer, indicated an RMS of 469 nm, while 1000 nm layer indicted noticeable decrease of RMS to 356 nm (Table 1) . Meanwhile, the real surface area follows similar pattern. It increases up to 500 nm, while 1000 nm Pt layers shows slight decrease, which, we believe, reflect overlap of growing spheroids of electrodeposited Pt, as it is evident from Figure 1 (d) .
The average size of the Pt particles on the Ti electrode covered by 200 nm and 500 nm Pt layers varies from 0.5 µm to 2.0 µm (Figure 1 (a), (b) , and Table 1 ). Their density follows Pt thickness increase and reaches maximum in 1000 nm (Figure 1 (d) ) layers of Pt.
Particle size variation is non -monotonic. It increases from 200 nm to 500 nm, and then starts decreasing as the Pt thickness reach 1000 nm (Figure 1 and Table 1 ). The data in Figure 1 and Table 1 show that the RMS parameter has a direct correlation with the active surface area. That is, surface roughness increases proportionally to the active surface area. It was determined [17] that Ti electrodes covered with a thicker than 400 nm Pt layer are suitable for the electrochemical oxidation of cyanides. Therefore, aiming to analyze the content of the products formed in the cyanide solution during the process of electrochemical oxidation, the 1000 nm Pt-coated Ti electrode was chosen.
It is not entirely clear which products that are formed during the KCN electrochemical oxidation: CO 3 -, NH 4 + or CON -is final [9, 18] . To clarify this situation Raman measurements were performed (Fig. 2) . During the electrochemical oxidation recorded Raman spectra show decrease of the primary product (2080 cm -1 band) and the appearance of reaction products -two bands at 1067 cm -1 and 1048 cm Our data suggest that during the reaction three different products are formed. For the purpose of assigning these shifts we performed Raman measurements of the possible products (Fig. 3) . From the additional measurements we have determined that the CON -is indeed the intermediate product (at 2170 cm , where 1063 cm -1 is the symmetric stretching vibrational mode of anion [19, 20] . However we were unable to specify the other final product of the reaction, we would need to perform additional experiments and do quantum chemical calculations. From the voltammetric measurements it was determined [17] that electrochemical oxidation of cyanide occurs simultaneously with water electrolysis process, when electrode potential exceeds 1.1 V. Under lower voltage conditions, the Faraday process practically does not occur. In this study, the electrochemical impedance spectra of Ti and Pt covered Ti surfaces were recorded, at bias potentials 0.5 V, 0.7 V and 1.0 V. The electrochemical impedance spectra obtained using Ti electrode covered with 500 nm Pt layer are presented in Figure 4 . The spectra obtained using Ti, and Ti covered with 200 nm and 1000 nm Pt layer are not provided. Before the analysis of the EIS spectra, the validation of measured impedance data by comparing the spectra of perturbation voltage and response current was tested [21] . It was checked how the measured frequencies of response correspond to frequencies of perturbating signal.
It was determined that in the range of frequencies over 1000 Hz, there are numerous additional frequencies in impedance spectrum, whose origin we were not able to determine. Therefore for the EIS data analysis such frequencies were rejected. We chose an electrochemical equivalent circuit taking into account the fact that in our system the Faraday process occurs (Fig. 5) . Table 2 . The values of equivalent circuit (Fig. 5) 6.63×10 In this case, the equivalent circuit consists of three elements: solution resistance R 0 , constant phase element CPE, which represents the electric double layer (EDL) which forms at the electrode-solution interface, and parallel resistance R ct that represents the charge transfer.
Using EIS data analysis software "Zview" we obtained satisfactory fit of the experimental data to the model equivalent circuit. The fit parameters are presented in Table 2 .
Analyzing the parameters in the Table 2 , it is obvious that CPE is minimal for the pure Ti electrode. The CPE values increase as the thickness of the Pt layer on the Ti electrode increases. This can be associated with the increasing surface area in the process of platinization of Ti.
The obtained CPE values may not be compared with capacitance of double electric layer because the exponential degree n is too far from 1. This shows that the electrochemical process on all investigated electrodes is limited not solely by the EDL charging-discharging, but also by other simultaneously occurring processes. Parallel resistance of R ct contributes to measured EIS only in the case of the Ti electrode covered by 200 nm Pt layer. In other cases, R ct influence is negligible. This effect requires further investigation.
Over all, EIS data correlate well with the results obtained by AFM, and show that both the real surface area and capacitance of EDL of platinized Ti electrodes increase with the thickness of Pt layer.
CONCLUSIONS
The surface morphology and electrical parameters of Ti and platinized Ti electrodes was characterized by AFM and EIS. Covering Ti surface with layers of Pt causes RMS of the electrodes to increase from ~308 nm (pure Ti) to ~369 nm (Ti + 200 nm Pt) and up to 469 nm (Ti + 500 nm Pt). We found that the size of the deposited Pt spheroids varies in a non-monotonic way reaching maximum at 500 nm. An overlap of spheroids was observed at 1000 nm Pt films, while the average size of Pt particles started decreasing at this thickness. AFM results correlated well with the EIS data. Generally, we claim that EIS may be used to monitor the development of Pt coating morphology and real surface area.
Using Raman spectroscopy we detected three products of electrochemical oxidation. One of them is an intermediate CNO . The third product was not identified. To do this we will need further measurements and possibly theoretical calculations.
